Shigella dysenteriae serotype 1, a major cause of bacillary dysentery in humans, can use heme as a source of iron. Genes for the transport of heme into the bacterial cell have been identified, but little is known about proteins that control the fate of the heme molecule after it has entered the cell. The shuS gene is located within the heme transport locus, downstream of the heme receptor gene shuA. ShuS is a heme binding protein, but its role in heme utilization is poorly understood. In this work, we report the construction of a chromosomal shuS mutant. The shuS mutant was defective in utilizing heme as an iron source. At low heme concentrations, the shuS mutant grew slowly and its growth was stimulated by either increasing the heme concentration or by providing extra copies of the heme receptor shuA on a plasmid. At intermediate heme concentrations, the growth of the shuS mutant was moderately impaired, and at high heme concentrations, shuS was required for growth on heme. The shuS mutant did not show increased sensitivity to hydrogen peroxide, even at high heme concentrations. ShuS was also required for optimal utilization of heme under microaerobic and anaerobic conditions. These data are consistent with the model in which ShuS binds heme in a soluble, nontoxic form and potentially transfers the heme from the transport proteins in the membrane to either heme-containing or heme-degrading proteins. ShuS did not appear to store heme for future use.
The Shigella spp. are the primary cause of bacillary dysentery in humans. Following ingestion, this pathogen transits the digestive system to the colon, where it invades the cells of the colonic epithelium. It then replicates inside the epithelial cells and spreads to adjacent cells. The resulting inflammation and tissue damage are responsible for the bloody diarrhea characteristic of dysentery.
Iron is often a limiting nutrient for microbial growth, especially in the context of the host. The shigellae have an absolute requirement for iron, and multiple iron acquisition systems have been identified in Shigella dysenteriae serotype 1. These include genes for the synthesis and utilization of enterobactin (13) , a common siderophore also produced by Escherichia coli, Salmonella, and several other species of enteric bacteria. The S. dysenteriae genome contains the iroA locus (23), which contains genes for the synthesis and transport of the recently discovered siderophore salmochelin (7) . Also present are the ferrous transporters Feo (10, 26) and Sit (26) . Although Sit has been reported to transport primarily manganese in Salmonella enterica serovar Typhimurium (11) , genetic studies of Shigella indicate that it can transport iron (26) .
Heme is the most abundant source of iron in the mammalian host (for reviews, see references 5 and 33) . We previously demonstrated that S. dysenteriae transports heme (12) and have cloned and characterized the heme transport locus (16, 17, 38) . This locus contains eight genes that are flanked by genes with near identity to E. coli K-12 yhiD and yhiF (Fig. 1) , and other than the presence of the heme transport genes, the overall map of this region is similar to that of E. coli K-12 (38) . None of the genes in the heme transport locus have homologues anywhere in the genome of E. coli K-12; however, heme transport loci with the same organization and nearly identical DNA sequences are present in many heme-utilizing pathogenic E. coli strains, including O157:H7 and uropathogenic strains (8, 17, 21, 31, 35, 38) .
The heme transport locus open reading frames have been described in various levels of detail. The best-characterized gene, shuA, encodes a receptor that transports the intact heme moiety across the outer membrane (17) . The energy for heme transport is transduced to ShuA in a process that requires TonB, ExbB, and ExbD (22) , which are not encoded within the heme transport locus (16, 17) . shuTUV likely encode a periplasmic binding protein-dependent ABC transport system that shuttles heme through the periplasm and across the inner membrane. ShuT, ShuU, and ShuV have homology with periplasmic binding proteins, inner membrane permeases, and ATPases, respectively. The locus also contains the poorly characterized shuWXY genes, which appear to be cotranscribed with shuT (Fig. 1) . These genes are conserved in several other heme transport loci (38) but are not required for heme utilization, and their functions remain unknown. In S. dysenteriae, shuW contains a premature stop codon, but in pathogenic E. coli strains, the corresponding open reading frame, chuW, is predicted to encode a full-length protein.
The other gene in the locus is shuS, which is located immediately downstream of shuA (Fig. 1 ). This gene was required for optimal heme utilization when portions of the S. dysenteriae heme transport locus were expressed in S. enterica serovar Typhimurium (38) . In this assay, the disruption of shuS had approximately a twofold effect on colony size, and this defect was most pronounced when both shuS and the ABC transporter genes were deleted. Many of the characterized heme transport loci contain shuS homologues, including those of Yersinia enterocolitica (28) , Yersinia pestis (30) , Pseudomonas aeruginosa (20) , Bordetella spp. (19, 32) , Enterobacter hormaechei (25) , and Rhizobium leguminosarum (36) . The presence of shuS homologues is relatively widespread, since uncharacterized homologues can be identified in searches of sequenced bacterial genomes, including Erwinia carotovora (2), Bartonella henselae (1), and Photorhabdus luminescens (4) .
The role of ShuS in heme utilization is unknown. Stojiljkovic and Hantke (28) found that the Y. enterocolitica shuS homologue, hemS, was required for heme utilization. hemS also prevented heme toxicity when the heme receptor gene hemR was expressed from a high-copy-number vector in E. coli but not when the receptor was expressed from a low-copy-number vector. Based on these data, they proposed that the role of HemS is to protect cells from heme toxicity and speculated that it may function as a heme-degrading enzyme. Biochemical characterization of ShuS, however, showed that while it binds heme with a K d of approximately 13 M, it does not catalyze degradation of the heme molecule (37) . Further, ShuS was purified as a large spherical complex, suggestive of the structure of ferritin.
In this communication, we report the construction and characterization of a chromosomal shuS mutant in S. dysenteriae. Although this mutant could use heme as a source of iron, it grew at a significantly reduced rate when heme was the sole iron source. We show that at low heme concentrations ShuS improves the efficiency of heme utilization and at high heme concentrations it protects cells from growth inhibition by heme.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. The strains and plasmids used in this study are listed in Table 1 . The iron chelator ethylenediamine di(ortho-hydroxyphenylacetic acid) (EDDA) was deferrated by the method of Rogers (24) . The appropriate antibiotics were added to plasmid-containing strains at the following concentrations: 85 g carbenicillin per ml, 50 g kanamycin per ml, and 50 g chloramphenicol per ml (E. coli) or 25 g chloramphenicol per ml (S. dysenteriae).
Growth assays. For liquid growth assays, overnight cultures were diluted 200-fold into L broth containing the indicated supplements. All cultures were grown with aeration at 37°C, and the OD 650 was measured over time.
Colony size assays were performed by diluting overnight cultures 10-fold into L broth and growing them to late log phase. Cultures were then diluted and plated at low density on L plates containing 75 g EDDA per ml and the indicated concentration of hemin. The colony diameter was measured following 24-h incubation at 37°C. For colony size assays performed under microaerobic and anaerobic conditions, cells were spread on L plates containing 20 mM nitrate supplemented either with 20 M FeSO 4 or with 75 g EDDA per ml with or without 15 M hemin. Identical plates were incubated aerobically or in a sealed container made either microaerobic using a CampyGen pack (Oxoid, Basingstoke, Hampshire, England) or anaerobic using an AnaeroGen pack (Oxoid). Plates were incubated for 24 h at 37°C, except anaerobic plates, which were incubated for 48 h. Sensitivity to hydrogen peroxide was determined by growing AKS1/pBluescript SK Ϫ , GLS1/pBluescript SK Ϫ , and GLS1/pDD100 overnight in L broth. Then 50 l of the culture was mixed with 20 ml L agar containing 75 g EDDA per ml and the indicated concentration of hemin and poured into petri plates. After solidification of the agar, 10 l of 1 M hydrogen peroxide was applied to a sterile disk placed upon the agar. The diameter of the zone of inhibition was measured following incubation for 20 h at 37°C.
Heme storage assays were performed by diluting fully grown cultures 100-fold into L broth containing 75 g EDDA per ml and 5, 10, or 15 M hemin and growing them overnight. Then the optical density at 650 nm (OD 650 ) was determined and cultures were diluted into L broth containing 75 g EDDA per ml to an approximate OD 650 of 0.07. Cultures were grown with aeration at 37°C, and the OD 650 was determined over time.
Western blot assays. Overnight cultures were diluted 100-fold into L broth containing the indicated concentration of EDDA or hemin. When the OD 650 reached approximately 0.5, 1 ml of culture was centrifuged for 1 min in a Microfuge and the pellet was resuspended in 0.2 ml of sodium dodecyl sulfate (SDS)-gel sample buffer. The samples were boiled for 10 min and loaded onto an SDS-12.5% polyacrylamide gel. Following electrophoresis and transfer to nitrocellulose, ShuS was visualized with a rabbit antiserum raised against purified ShuS (gift of Angela Wilks).
Strain construction. O4576S1A is a spontaneous streptomycin-resistant derivative of S. dysenteriae strain O4576S1 (17) . The growth rate of O4576S1A in L broth was indistinguishable from the parental strain. The entF mutant AKS1 was constructed in S. dysenteriae by PCR amplifying a portion of the entF gene from an O4576-derived strain using primers RIentFfor (5Ј GGGATTCTACCGATT TAGCCCTTGC) and RIentFrev (5Ј GGAATTCGCAGACTTCATCCAGG). The product was cloned into pGEM-Teasy (Promega) to give plasmid pENT100. pENT101 was constructed by insertion of the kanamycin resistance gene from pUC4K as a HincII fragment into the HpaI site in the entF gene. The NotI fragment containing the disrupted entF gene was made blunt with Klenow and subcloned into the SmaI site of pCVD442. This plasmid, pENT102, was introduced into S. dysenteriae strain O4576S1A by mating, and marker exchange mutations were obtained as previously described (14) . The presence of an entF mutation was confirmed by PCR and phenotypic analysis.
To construct GLS1, the KpnI fragment of pHTL110 containing shuS::cam was made blunt with Klenow and subcloned into the SmaI site of pCVD442 to give pCVD442shuS::cam. This plasmid was introduced into AKS1, and marker exchange mutations were obtained as previously described (14) .
RESULTS

Regulation of ShuS expression.
In gram-negative bacteria, the expression of iron acquisition genes is usually repressed in the presence of iron, an effect dependent upon the iron regulatory protein Fur. Because the shuS promoter contains a potential Fur binding site (38) , we looked by Western blot analysis at the effect of iron and hemin on ShuS synthesis ( Fig. 2A ). An internal control was provided by a protein unrelated to ShuS that runs slightly more slowly on the gel. When cultures were grown in unsupplemented or iron-supplemented L broth, very little ShuS was visualized in the blot. However, when the iron chelator EDDA was added to the growth medium, ShuS was well expressed. At all three iron levels, the amount of ShuS synthesized was either unaffected or reduced by supplementation of the cultures with hemin, indicating that hemin does not induce ShuS synthesis. The reduced level of ShuS in the culture supplemented with EDDA and hemin could reflect hemin utilization, which leads to a lower degree of iron starvation than in cells supplemented with EDDA alone. These data are similar to those observed for shuA, which is negatively regulated by Fur in the presence of iron, and no induction occurs in the presence of hemin (16, 17) .
ShuS is required for optimal hemin utilization. We characterized the function of the ShuS protein by constructing a defined shuS mutation in S. dysenteriae serotype 1. An entF mutation was included in this strain to reduce background growth due to siderophore production and utilization. Western blot analysis confirmed that ShuS was synthesized in the parental strain but not in the shuS mutant (Fig. 2B) . When the shuS gene was supplied on plasmid pDD100, the synthesis of ShuS was restored at a level higher than that observed in the parental ShuS ϩ strain. ShuS synthesis was also observed at a lower level when shuA and shuS were supplied together on a plasmid.
The shuS mutant was tested for the ability to use hemin as a source of iron by monitoring the growth of the shuS mutant in medium depleted of free iron but containing hemin (Fig. 3) . Overnight cultures were diluted into L broth supplemented either with iron or with EDDA and hemin. As expected, all strains grew rapidly in the presence of added FeSO 4 and their growth was severely limited when only the iron chelator EDDA was added to the medium. When hemin was the sole source of iron, the parental strain grew well though somewhat more slowly than in medium supplemented with FeSO 4 . However, the isogenic strain carrying the shuS mutation grew more slowly than its Shu ϩ parent and reached a lower final OD when using hemin as the source of iron. Efficient growth on hemin was restored when shuS was supplied on a plasmid (Fig. 3) .
The growth defect in the shuS mutant could be due to failure to efficiently use hemin, to toxicity of the transported hemin, or both. To address these possibilities, a colony size assay was performed over a range of hemin concentrations. In this assay, cultures were diluted to a low density and spread on plates containing EDDA and hemin and the diameter of the colonies was measured at 24 h (Fig. 4) . At the lowest concentration shown, the shuS mutant failed to grow while its parent strain, AKS1, formed small colonies (Fig. 4A) . When shuS was provided on high-copy-number plasmid pDD100, the growth of both the shuS mutant and its shuS ϩ parent was stimulated. This suggests that ShuS may be limiting for utilization of hemin as an iron source at low hemin concentrations. The shuS mutant supplemented with additional shuA on a low-copy-number plasmid also formed colonies at this low hemin concentration. Supplying additional copies of shuA also increased the colony size of parental strain AKS1. We propose that at low hemin concentrations, modest overproduction of ShuA caused more hemin to be transported into the cell, thus providing more iron for growth. At the same hemin concentration (5 M) in liquid, the shuS mutant was able to grow, albeit at a reduced rate compared with the parental strain (Fig. 3) . We have found that a lower concentration of hemin is needed for growth in liquid cultures compared with growth on plates. We do not know the exact reason for this observation, but it may be related to the rate of diffusion of hemin in a plate or to differences in the efficiency of iron chelation by EDDA. Alternatively, this could be related to differences in growth rate or aeration.
At an intermediate hemin concentration (15 M), the shuS mutant was able to grow but showed a pronounced growth defect compared to the parental strain (Fig. 4B) . When shuS was supplied on a plasmid, both the shuS mutant and the
FIG. 3. Growth of ShuS
ϩ and ShuS Ϫ strains on hemin. Overnight cultures were diluted into L broth supplemented with 75 g EDDA per ml and 5 M hemin (solid lines). The cultures were grown at 37°C with aeration, and the OD 650 was measured over time. The strains used were ShuS ϩ (AKS1/pWKS30) (■), ShuS Ϫ (GLS1/pWKS30) (OE), and ShuS Ϫ /pShuS (GLS1/pDD100) (F). For comparison to growth with hemin, the growth of the parental strain (AKS1) in 20 M FeSO 4 (upper broken line) and in 75 g EDDA per ml (lower broken line) is shown. Growth of the shuS mutant and the complemented strain was nearly identical to that of the parental strain under these conditions (data not shown). The data presented are the average of four independent experiments.
FIG. 4. Growth of ShuS
ϩ and ShuS Ϫ strains on increasing quantities of hemin. Bacteria were spread on L plates containing 75 g EDDA per ml and the indicated concentration of hemin. After 24-h incubation at 37°C, the diameter of the colonies was measured, and the graph shows the mean diameter of 10 colonies. Open bars represent the colony size for ShuS ϩ strain AKS1, and filled bars represent shuS mutant strain GLS1. Each strain carries a plasmid that has the gene indicated at the bottom of the graph. The plasmids used were pWKS30 (vector only), pHTL116 (shuA), and pDD100 (shuS). An asterisk indicates that no colonies grew on the plate.
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on January 15, 2018 by guest http://jb.asm.org/ parent grew well at this hemin concentration. Additional copies of shuA on a plasmid caused the shuS mutant to form smaller colonies than those observed with the vector alone, in contrast to the result obtained with 5 M hemin, where extra copies of shuA stimulated the growth of the shuS mutant. Unlike the shuS mutant, the parental strain formed larger colonies when additional shuA was present. These data are consistent with previously reported experiments with Y. enterocolitica which showed that hemin was toxic when the heme receptor was overproduced relative to the ShuS homologue (28) . When the hemin concentration was increased to 25 M, ShuS was required to form a colony (Fig. 4C) . Finally, at a very high concentration of hemin (40 M), only cells that overproduced ShuS relative to other heme utilization proteins were able to grow (Fig. 4D) . This suggests that ShuS can function to prevent heme toxicity.
The shuS mutant does not display increased sensitivity to hydrogen peroxide. Since ShuS is a heme binding protein, it may prevent free heme from accumulating in the cytoplasm. Heme accumulation in the cytoplasm could result in the shuS mutant being more sensitive to conditions that promote oxidative stress. The sensitivity of the shuS mutant to hydrogen peroxide was determined by placing a disk spotted with hydrogen peroxide on hemin-EDDA agar inoculated with the bacterial strain and measuring the growth inhibition zone around the disk. The shuS mutant and its parental strain were tested in EDDA agar that contained 15, 25, or 35 M hemin, and the presence of a shuS mutation had no effect on hydrogen peroxide sensitivity at any of these hemin concentrations (data not shown). The inoculum was sufficiently high to allow visible growth of the bacteria at all hemin concentrations in the absence of hydrogen peroxide.
ShuS is needed for optimal heme utilization under microaerobic and anaerobic conditions. If the failure of the shuS mutant to grow optimally with hemin as the sole iron source is due to unbound heme leading to the accumulation of reactive products, it is possible that this effect would be suppressed by restricting the amount of oxygen in the environment. To test this, the parent, the shuS mutant, and the complemented shuS mutant were spread at a low density on L plates containing sodium nitrate. Following incubation under aerobic, microaerobic, or anaerobic conditions, the colony size was determined (Fig. 5) .
Under aerobic conditions, the shuS mutant formed a smaller colony on hemin than the parental strain or the mutant strain carrying shuS on a plasmid, as shown in Fig. 4 . The S. dysenteriae strain grew well under microaerobic conditions, but ShuS was still required for optimal growth on hemin. Under anaerobic conditions, the strains grew very well in the presence of iron. However, growth with hemin as the sole iron source was very poor. After 48 h of incubation, both the parental strain and the shuS mutant produced colonies near the lower limit of visibility. The difference in colony size between these two strains was not statistically significant. Interestingly the synthesis of higher levels of ShuS from the plasmid significantly stimulated growth under anaerobic conditions. This suggests a role for ShuS in hemin utilization even under conditions where the amount of available molecular oxygen is severely restricted.
ShuS does not store heme for subsequent use as an iron source.
A possible function of a heme binding protein is that it could store heme in a nontoxic form and then release the bound heme for use as an iron source under iron-restricted conditions. To test this possibility, cells were grown overnight with 5, 10, or 15 M hemin as the sole source of iron. They were then diluted into medium in which the available iron was restricted by the iron chelator EDDA and the OD was measured over time. The shuS mutant, its isogenic parent, and the complemented mutant all grew at the same rate and reached a plateau after approximately a fourfold increase in cell density, indicating that the cells contained enough iron to divide two times (data not shown). The fourfold increase in cell density was observed in all experiments regardless of the hemin concentration in the overnight culture. Thus, the presence of ShuS did not apparently increase the amount of stored iron available for cellular growth, suggesting that ShuS does not function as a heme storage protein.
DISCUSSION
Proteins involved in the transport of heme into the cell have been identified in many bacteria, but the function of the cytoplasmic heme binding protein ShuS and its homologues in the transport and utilization of heme has remained elusive. In this work, we have created a shuS mutant in S. dysenteriae serotype 1. At a low heme concentration, the shuS mutant grew more slowly than the parent strain in liquid medium when hemin was the sole iron source (Fig. 3) . On solid medium, the shuS mutant failed to grow when a low concentration of hemin was the sole iron source. Under these conditions, growth of the shuS mutant was promoted either by increasing the heme concentration in the medium or by supplying additional copies of shuA on a plasmid, actions expected to increase the amount of heme transported into the cell (Fig. 4A and B) . Thus, the shuS mutant has a reduced ability to use heme for cellular growth. Growth of the shuS mutant was inhibited at high heme concentrations. At 25 M hemin, the shuS mutant failed to grow though the parental strain grew well (Fig. 4C) . At a very high hemin concentration of 40 M, only cells overexpressing shuS from a plasmid were able to grow (Fig. 4D) . This observation suggests that ShuS can reduce the toxicity of the transported heme. It was shown previously that Y. enterocolitica HemS prevented heme toxicity when the heme receptor was carried on a high-copy-number plasmid in E. coli (28) , but to our knowledge this is the first study showing heme sensitivity in a shuS mutant. It is difficult to compare the role of ShuS in S. dysenteriae with observations of Yersinia spp. In Y. enterocolitica, a hemS mutation is lethal (28) ; however, a Y. pestis hmuS mutant was constructed and found to have no defect in growth or heme utilization, although use of some heme proteins was affected when hmuTUV were also deleted (30) . Both HemS and HmuS have greater than 65% amino acid identity with ShuS (38) , and HemS and HmuS are nearly 90% identical to each other (30) . While it is possible that the different phenotypes are the result of differences in the activities of the ShuS homologues, the high sequence similarity makes it more likely that these phenotypic differences are due to differences in the genetic backgrounds of these three species.
The ability of ShuS homologues to protect cells from heme toxicity has led to the model in which their primary role is to prevent the toxic effects of transported heme (29) . In this model, the lack of heme binding by ShuS leads to the accumulation of free heme in the cell, which presumably would promote oxidative damage, such as peroxidation of lipids. Since the toxic effects of heme, however, were only observed in very high concentrations of hemin or when the heme receptor gene was overexpressed from a plasmid, it is unclear whether these assays reflect the role of ShuS under more physiologically relevant conditions. Although the experiments in this work do not rigorously disprove the model in which the reduced growth of the shuS mutant at low and moderate hemin concentrations is caused by heme toxicity, they do not support it. The shuS mutation had reduced growth in concentrations of hemin that were low enough to be limiting for cell growth (Fig. 4A) . This result suggests that ShuS functions in some way to improve the utilization of heme. Further, the observations that the shuS mutant does not have increased sensitivity to hydrogen peroxide and that ShuS promoted growth in a moderate concentration of hemin when the availability of molecular oxygen is reduced suggest that this mutant is not subject to oxidative stress. For these reasons, we believe that ShuS most likely directly promotes the utilization of heme. It is possible that ShuS has two separate functions, one that promotes heme utilization when the heme concentration is limiting and another that protects the cell from toxic effects at high heme concentrations. The more parsimonious model, however, is that ShuS has a single activity that simultaneously increases the utilization of heme and also prevents accumulation of free heme to a toxic level.
The mechanism by which ShuS promotes heme utilization is not known. Several models are consistent with our data. One possibility is that ShuS has a role in the trafficking of transported heme from the membrane to heme-containing or hemedegrading proteins. The fact that free heme is toxic and minimally soluble in water suggests that such a heme carrier protein may be needed to maintain transported heme in a soluble, nontoxic form and to transport the heme to the appropriate cellular location. This model is consistent with work with purified proteins which showed that heme bound to ShuS is rapidly transferred to a heme oxygenase (A. Wilks, personal communication). Another model consistent with our data is that ShuS may work in cooperation with another protein to form heme-degrading activity or that it may allow cells to use heme in the absence of heme oxygenase activity.
It is unknown whether enteric pathogens require a hemedegrading enzyme for heme utilization. No heme oxygenase activity has been detected in these species, and no potential heme oxygenase gene has been identified in the sequenced genomes. However, heme oxygenases have been identified in several other pathogenic bacteria, and in those species the heme oxygenase is required for efficient heme utilization (27, 40, 41) . All known heme oxygenases require molecular oxygen for enzymatic activity, and there is little information on the function of heme-degrading enzymes under anaerobic conditions. Both ShuS ϩ and ShuS Ϫ S. dysenteriae strains used hemin very poorly under anaerobic conditions, while overproduction of ShuS strongly enhanced the use of heme under these conditions (Fig. 5) . This is consistent with models in which heme oxygenase activity is rate limiting under anaerobiosis, and ShuS either enhances heme oxygenase activity or allows heme utilization to occur in the absence of heme oxygenase activity.
A potential role of a cytoplasmic heme binding protein is to store heme for subsequent use during conditions of iron starvation. ShuS is a large, ring-shaped complex (37) , suggesting that by analogy with ferritin, it could be a storage site for excess heme. However, ShuS did not increase growth under irondepleted conditions following prolonged growth with excess hemin. This may indicate that ShuS has a function other than iron storage and sequestration.
A heme transport locus in Vibrio cholerae also encodes a cytoplasmic heme binding protein designated HutZ (39) . Although it has no sequence identity with ShuS, HutZ is required for efficient utilization of heme (9, 18, 39) , and the absorbance spectra produced when heme is bound to ShuS or HutZ are nearly identical (37, 39) . Interestingly, many of the heme transport loci contain either a hutZ or a shuS homologue, and we are not aware of any loci that contain both. These data suggest that ShuS and HutZ may have some common functions; however, unlike ShuS, HutZ appears to function as a heme storage protein (37, 39) . In addition, shuS did not complement a hutZ mutation in a liquid assay and hutZ only partially complemented the shuS mutant in a colony size assay (data not shown). This suggests they have incompletely overlapping functions or have interactions with proteins that are not conserved between S. dysenteriae and V. cholerae.
The fate of heme after it has been transported into the cytoplasm is one of the unsolved problems in understanding heme transport. Characterizing the role of ShuS in facilitating iron usage and the prevention of heme toxicity will further elucidate the strategies used by pathogens in the scavenging of iron for growth in the human host. 
